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ABSTRACT 
Despite the acclaimed long-term benefits of solar PV systems, most stand-alone solar projects in 
Nigeria seem to fail within a short duration. In this work, an analysis is carried out to examine the 
factors that lead to such poor performance of solar projects in Nigeria. A case study of standalone 
solar street lights (SASSL) in Nsukka geographical region in Nigeria was explored. The field work 
was carried out from Dec 2016 - January 2018. Data from field indicate that in most cases, 
premature battery failure due to undercharging was responsible for the collapse of these stand-
alone solar systems. Given that the PV module is the sole charge generator in SASSL, the energy 
yield of the PV modules used in the SASSLs were further investigated. Controlled experiments were 
carried out to determine the impact of specific environmental and installations conditions on the   
yield of  the PV modules. The  results of the experiments led  to the development  of a model. The  
weather  and installation specific data were then inserted into the model and were  used  to  
determine  the likely  reasons  for the premature failure of SASSLs. The results indicated that the 
within the  period  under  review, the  PV modules were capable  of providing  adequate  energy  to 
the  battery for  only 25%   of the  time. For  another 25%  of the  time  the  energy provided  were 
marginal while for 50%  of the  time  the energy provided were grossly  inadequate. 
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1. INTRODUCTION  
Solar street lights, in Nigeria, seem to have very high 
failure rate in spite of the huge investment and 
expected longevity associated with them[1-2]. Thus, 
a question of interest to manufacturers, marketers, 
and users of solar PV in Nigeria concerns the primary 
cause of failure of the stand-alone solar systems. In 
an attempt to solve this problem, a case study of 125 
SASSLs in Nsukka (6.8429° N, 7.3733° E) was 
undertaken. The field work was carried out from Dec 
2016-Jan 2018. Results obtained indicate that in 
most cases, battery failure was responsible for the 
collapse of the system. Earlier works indicate that 
under-charging, over-charging and over-discharging 
are common causes of premature failure of batteries 
[3-5] . The field report of the present work indicate 
that the prevalent failure mode is associated with 
undercharging.  Therefore, a major aim of this work 
is to determine whether the PV modules in the 
SASSLs under review were able to provide optimal 
charging current to the batteries. Principally, the 
power yield of PV module is a function of its capacity, 
available insolation and other environmental factors 
[6-8]. Accordingly, the insolation, relative humidity, 
temperature, dust and wind speed data of Nsukka 
were collated. These data were collected from the 
Davis weather station installed at National Centre for 
Energy Research and Development (NCERD), 
Nsukka. A model that  related energy  yield of  PV  
module  to available   insolation, given losses due  to 
temperature, soiling and  conversion inefficiency  of  
solar charge controllers was  developed  and  
validated. The historical data from field were then 
used to determine whether the PV modules  in the 
SASSLs under review could  have effectively 
recharged  the batteries  during the period  under  
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review. The results  obtained using the model 
indicated that the within the  period  under  review, 
the  PV modules were capable  of providing  
adequate  energy  to the  battery for  only 25%   of 
the  time. For  another 25%  of the  time  the  energy 
provided  were critical while for 50%  of the  time  
the energy provided were grossly  inadequate. Given 
the present scenario, it is plausible to conclude that 
undercharging of batteries  used  in the installation 
adequately explained the failure mechanism of 
SASSLs in Nsukka.  
 
2. MATERIALS AND METHODS 
2.1. Description of  SASSL under  review 
In this  research, 125 Stand Alone Solar Street 
Lights(SASSL) installed in Nsukka (6.8429° N, 
7.3733° E) were studied. Each  SASSL   consisted  of 
two 80W monocrystalline PV modules mounted  on 
top of 5m metal pole.  The  PV modules  were  used   
to charge  100Ah battery. The  battery on each  
stand was   enclosed  in a  metal container  located  
immediately  after the modules. Also found  inside  
the container was a 20A PWM charge  controller. 
Finally the  battery  on each  stand  was used  to 
power a 36 watts LED bulb.  Regarding the control, 
investigation revealed that  the bulbs were 
programmed to come  on at the  onset of  darkness 
and go off  when the  battery  voltage goes  below 
10.5V. The  picture  of a  typical stand  is  shown in 
figure 1.  
 
2.2. Description of  Test Procedure 
The field  work  involved testing  each stand  to 
ascertain the component  that  failed. The PV 
modules were tested using I-V tracer and fluke 117 
multimeter. The batteries were tested using 
Schumacher BT-100 100 amp Battery Load Tester. 
The  charge  controllers were  tested  by  monitoring  
their  ability  to switch  off  load when  the battery  
is  below 10.5V  and switch off  charging  when the 
voltage  is  above 14.5V. The  bulbs  were tested  by 
connecting directly  to a test  battery. The  presence 
of other  issues  like shading, soiling  and improper  
orientation of PV  modules  were done  by physical  
examination.  Summary  of  issues  discovered  in 
the  field is  given in  Table 1 
 
2.3. Development  of Model For Estimating PV 
module  to Battery Power Transfer 
The investigation into the possible  causes   of the 
failure  of SASSL under review  was  undertaken after 
the  failure of the system. Nevertheless, initial  
analysis of  field  data pointed  to  battery  failure  as  
the  commonest  cause  of the  system  collapse. 
Since  over charging , over discharging  or    under 
charging  are  the commonest  causes  of  premature 
battery  failure, it was  necessary to determine 
whether  the  PV modules, which  were  the  sole  
source of recharge  for the  batteries, could  have  




Figure 1: Typical SASSL under review 
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Table 1: Summary   Of Result Obtained From Field  Examination   Of  Installed SASSLs In Nsukka 
Issue Occurrence Possible Cause Possible Effect 
Soiling of PV modules 125 
Aerosols, birds’ 
droppings 
Reduction in yield of 
PV  module and  
damage  to  battery 
Permanent shading  of 
PV modules 
13 Trees, structures 
Reduction in yield of 
PV  module and 
possible damage  to  
battery 
Improper orientation of 
PV module 
96 Installation  defect 
Reduction in yield of 
PV  module and 
possible damage  to  
battery 




Failure of the  light  to 





lightening, or inferior 
material 
Damage  to battery 
Failure of PV  module 0 
Physical damage, 
degradation 
Damage  to battery 
Failure of  bulb 0 
Degradation, physical  
damage 
Failure  to come on 
 
 
To do this, an  effort  was  made to recreate  the  
conditions under  which the SASSLs  operated. This  
was  done by  reference to  some historical  data 
that are  known  to impact  on the  yield of PV  
modules. The  historical  data  of  interest  are  
irradiance, relative  humidity, ambient temperature 
and  wind  speed within the  period under  
review(Jan 2015-Dec 2016). The  data was retrieved 
from Davis weather  station  located  within the 
National Centre  For Energy Research  and  
Development , University  of Nigeria Nsukka.  
 
The monthly average solar radiation  data  was 
subsequently used   to  estimate the  maximum 
power the PV  module  could  have  generated at the 
point  of  interest. This  was  done using  equation 
1. 
𝑃𝑚 = 𝛾𝑃𝑠𝑡𝑐                                                                     (1)    
Where: 
𝑷𝒎= estimated maximum possible power of the PV 
module at  the given  irradiance 





G= The  given global irradiance 
𝐆𝐬𝐭𝐜= The irradiance  at the  test  condition. 
 
Following the  non linear  dependence  of the yield 
of  PV module on temperature,  correlations are 
usually  used to estimate  the cell  operating   
temperature, given the ambient  temperature  and  
other  environmental  variables. For the  purposes  
of this   work, recourse  was  made  to a   correlation  
validated  for  Nsukka and found in [6]. The 
correlation  is  given  as\ 
𝑻𝒄 = 𝟎. 𝟎𝟑𝟓𝟓𝑯𝒂 + 𝟎. 𝟕𝟎𝟓𝑹𝑯 + 𝟏. 𝟖𝟎𝟕𝑾𝑺 − 𝟒. 𝟖𝟏𝟑   (𝟐) 
Where:  
Hg= insolation 
Ta = ambient temperature. 
RH= Relative humidity 
WS= Wind speed 
 
By finding  the cell temperature  at the point  of 
interest, the departure  from  STC temperature is  
derived using  the  expression  
∆𝑇 = 𝑇𝑐 − 𝑇𝑆𝑇𝐶                                                        (3)   
        
The temperature  corrected estimated power 
becomes 
𝑃∆𝑇 = 𝑃𝑚 − (𝑃𝑚  𝐾𝑝∆𝑇)                                                  (4) 
Where:𝑲𝒑=temperature  coefficient  of  power 
 
For  some reasons the  battery in a SASSL may  not 
be  able  to absorb the total possible yield  of a  PV  
module. This  can  be represented as source-load  
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coefficient.  It  represents  the percentage  of  the 
maximum possible  generated  power that can  be   
consumed  by the   load(in this  case the battery). 




                                                                               (5)  
Where: 
𝑷𝒖= Power that  can actually  be  used by the load. 
𝑷𝒈= Power actually generated by the  source.  
In the  particular  case under  study,  the  absolute  
maximum rating of the power  generator as  given 




Voc = 25.5V 
Isc= 4.23A 
Assuming the following: 
1. The  battery  has charge absorption 
coefficient of  1  
2. The maximum current the  PV  module can  
produce  is the  short circuit current. 
3. The maximum safe   voltage  the charge  
controller is  allowed to  produce  is 14.5V 
Hence  for  typical  SASSL     𝜆 =
14.5∗4.23 
21.4∗3.74
 =  0.76 
 
The  field  study of the  SASSL  under review showed   
that   the PV  modules  were not  cleaned. It is , 
therefore necessary, to account for the losses due to 
soiling of the PV modules.  To do this, two 
assumptions were made 
1. Rain totally  cleaned  the PV module during 
the rainy season (march-October) 
2. The rate and type  of aerosol deposit on the 
PV modules  are constant. 
This led to the development  of the concept of  
specific coefficient of dust . Specific coefficient of 
dust is  a  measure  of the fidelity of the maximum 
power of a   PV module after  one  month of   
exposure to  dust in  a given  area.  To determine  
the specific dust coefficient of Nsukka area, two PV  
modules  mounted  on 5m pole were exposed to dust 
between November  2017 and March 2018. One  PV   
module was  never cleaned   while  the  second  one  
was cleaned just before  the short circuit current and 
open circuit  voltages  were read  out. Following data  
from field,  dust  coefficient of  short circuit current 
fitted to an exponential equation of the form: 
 
𝛿 = 𝑒𝑥𝑝−𝑥𝑛                                                                     (6)      
          
Where  
δ = the dust  coefficient after n number of months 
without rain (Which  can  vary  between 0 and 1) 
x = rate of degradation(which  can vary  between 0 
and 1). 
n = the number of months since last rain. 
The  specific coefficient of  dust of Nsukka was found  
to be  
 
𝛿𝑠 = 𝑒𝑥𝑝
−.24𝑛                                                                 (7)  
        
Therefore, in order to estimate the average power 
for a  given  month that actually went  into  
recharging the  battery in the SASSL, equation 8 can  
be  used. 
𝑃𝑏𝑎𝑡 = 𝜆𝛿𝑠𝑃𝑚 − (𝜆𝛿𝑠𝑃𝑚𝐾𝑝∆𝑇)                                 (8)  
      
It is  to be  noted  that  equation  8 assumes proper 
PV module  orientation. 
 
2.4. Validation  of Model 
To  validate the  model, two 80W PV  modules(A and 
B)  were  used  to charge a 100Ah battery via a 20A 
PWM charge controllers over  a period of one  
month(November 1-November30, 2018). During  
the period  of  validation, the following precautions  
were  taken. 
1. A  magnetic   compass   was  used to   
ensure   that the PV  modules   faced South. 
2. The  modules  were cleaned  daily  before 
the  commencement   of reading. 
The experimental  set  up is  shown in  Figure 2. 
 
Prior  to each recharge, the batteries  were  
discharged  to 10.5V using two 25W incandescent 
bulbs. The charge  current  and voltage  for each 
module were  recorded  every 10 second using  
voltage/current  data logger between 8:00hrs and 
18:00hrs. The average  daily  and monthly power 
and  energy  were  then calculated. To study  the   
effect  of  temperature, the backside temperature  of 
the modules were measured using DHT 21 
temperature-humidity sensor. Module A was  cooled 
using a film of flowing water while module B  was  
not cooled at all. At the  end  of the experiment, it  
was  clear that the power  output  of modules A and 
B  were not  significantly  different. A  simple  
explanation  is that increase  in  temperature lowers 
the voltage . Meanwhile  the  rated  operating 
voltage  of the PV  modules is  about 21.4V  while  
the voltage  needed  for  optimal  charge of the 
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battery is  14.5V. This  necessitated  a  further  
review  of  equation   8 to obtain equation  9. 
 𝑃𝑏𝑎𝑡 = 𝜆𝛿𝑠𝑃𝑚                                                                (9)  
 
To get  a  more  explicit expression, the Pm term  
can  be  expanded to yield  equation  10 
𝑃𝑏𝑎𝑡 = 𝜆𝛾𝛿𝑠𝑃𝑠𝑡𝑐                                                         (10)                        
            
To  validate equation 10,  and  weather data  for Nov 
2018 were   used  to predict  the  power sent  into 
the  battery. The  graph  of the   measured  and  
projected  data  is  shown in  Figure 3. The 
regression statistics  gives Multiple R as 0.99 and  
the R square as 0.97 showing  a  strong  correlation. 
 
3. RESULTS AND DISCUSSIONS 
The  monthly  average of  daily   insolation   as  
measured by Davis weather station , NCERD, UNN 
as well as  the  projected  energy  to the battery are 




Figure 2: Experimental  set up  for  validation 
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P_measured P_projected
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Analysis of the data on the table shows that the peak 
daily energy delivered to  the 100Ah batteries  by 
160W. Noteworthy also is the fact that thought the 
estimated yield from PV modules is  about 500Wh,  
the yearly average for 2015  is 306.07Wh while  that  
of 2016 is 311.20Wh. This  is  against  the constant  
daily energy demand from the bulb in the  SASSL  
which has  been calculated  to  be 360Wh.  
 
Available data shows  that the PV  module  is  able   
to  fully  meet  the  demand   for  energy  from the  
bulb for  only  25%  of the  time. For another  25% 
of the  time  the meeting of the  energy demand  
was  critical. In other words, the batteries are left 
undercharged for over 50% of the  time  under  
study. This situation has  been   demonstrated  to 
be  capable  of  causing premature failure of battery.  
The anode of a typical lead acid battery is made of 
Pb while the cathode is PbO2. The process of 
charging and discharging is a redox reaction as 
shown in equation (11). 
  𝑃𝑏 + 𝑃𝑏𝑂2 + 2𝐻2𝑆𝑂4 = 2𝑃𝑏𝑆𝑂4 2𝐻2𝑂            (11)   
 Charging involves forceful introduction of electrons 
into the battery. This leads to the breakdown of lead 
sulphate into Pb and PbO2 with attendant increase in 
the concentration of H2S04. On the other hand, 
discharging involves   the production of 2PbSO4 and 
water. The above reaction will go on normally when 
there is full charge and discharge. Unfortunately, 
where there is continuous undercharge, the 
unconverted 2PbSO4 tend to solidify around the 
negative electrode. This causes permanent 
degradation called sulphation. Related to 
undercharging is another degrading situation called 
stratification. It involves 2H2SO4 and H2O. Proper 
charging ensures that both substances are evenly 
mixed. Continuous undercharging of battery often 
leads to an uneven mixture leading to stratification. 
Stratification  leads  to  reduced  capacity  by  limiting  
the  reaction  to  specific  part of the electrode. Both 
sulphation and stratification lead to premature 
battery failure.  
 
4. CONCLUSIONS 
In conclusion, it is  safe  to surmise that the 
premature failure   of the SASSL in Nsukka is 
traceable  to faulty  design consequent  on the 
designers’ inability to take  the environmental 
variables  of  Nsukka into  consideration   at the  
design  stage. The SASSLs designed on assumption 
that the PV modules would deliver the  rated  
1600Wh whereas in the  average  it is  able to deliver  
is 308Wh. This inability to take the environmentally 
induced derating factor into consideration is the 
reason for the module’s inability to fully recharge the 




Table 2: Monthly  Average Of  Daily   Insolation And Calculated Energy To Battery For 2015 And 2016 
Month Ave  
Irr 
Power To Bat(W) Energy To 
Bat(Wh) 
Month Ave  
Irr 
Power To Bat(W) Energy To 
Bat(Wh) 
Jan 2015 234.21 13.86 138.6 Jan 2016 276.83  16.39 163.85 
Feb 2015 301.92 14.06 140. Feb 2016 315.52 14.69 146.91 
Mar 2015 337.45 12.36 123.60 Mar 2016 342.86 12.56 125.57 
April 2015 375.88 45.71 457.07 April 2016 408.32 49.65 496.52 
May 2015 368.8 44.85 448.46 May 2016 377.51 45.91 459.05 
June 2015 329.76 40.10 400.99 June 2016 352.5 42.86 428.64 
July 2015 283.13 34.43 344.29 July 2016 286.21 34.80 348.03 
Aug2015 283.24 34.44 344.42 Aug2016 248.9 30.27 302.66 
Sept 2015 292.3 35.54 355.44 Sept 2016 278.84 33.92 339.07 
Oct 2015 285.69 34.74 347.40 Oct 2016 320.47 38.97 389.69 
Nov 2015 342.78 32.79 327.88 Nov 2016 320.29 30.64 306.37 
Dec 2015 324.42 24.41 244.11 Dec 2016 302.97 22.80 227.97 
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